Introduction
Evaluated nuclear data are continuously improved. During the last years, the European library was updated from JEF-2.2 to JEFF-3.1 [1] , the American library from ENDF/B-VI to ENDF/B VII [2] , and the Japanese library from JENDL-3.2 to JENDL-3.3/AC-2008 [3] , with the main aim to achieve better agreement between calculated and measured results for integral systems. Along with this, growing attention is paid to uncertainty and sensitivity studies concerning the nuclear data evaluations, accompanied by improvements in the covariance data files describing the uncertainties of nuclear cross section data, and the calculation methods using these covariance data. For the validation of the nuclear data libraries, a large number of integral experiments are used. Descriptions of such experiments are found in the "International Handbook of Evaluated Criticality Safety Benchmark Experiments" [4] . Most of these validation calculations refer to multiplication factors, although other measured quantities like reaction rates and reactivity coefficients are increasingly considered; such experiments are described in the "International Handbook of Evaluated Reactor Physics Benchmark Experiments" [5] . Most systems considered are compact assemblies, mainly at room temperature. Likewise, uncertainty and sensitivity investigations based on covariance data, as performed, e.g., with the TSUNAMI code package [6] , primarily consider the multiplication factors of critical assemblies. Such compact critical systems at low temperatures are not necessarily representative for power reactors at operating conditions. In a recent investigation [7] , differences in the fission rate distributions of problems representative for large reactor cores arising from the use of different evaluated nuclear data libraries were determined. It turned out that these differences may be substantial. As an example, in Fig. 1 the fission rate distribution in a row of fuel assemblies for the uncontrolled hot zero power state of the "PWR MOX/UO 2 Core Transient Benchmark" [8] , calculated with MCNP-5 [9] using JEF-2.2 and JEFF-3.1 data, is displayed along with a sketch of the core layout. The relative differences in the core centre where the assembly power is highest, reaches unexpectedly high values of more than 4 % in this case, due to the heterogeneous distribution of MOX and UO 2 fuel assemblies over the core.
To systematically investigate the influence of nuclear data uncertainties on the results of calculations for large reactors, uncertainty analyses are being performed for this reactor core. For this, the XSUSA ("Cross Section Uncertainty and Sensitivity Analysis") sequence is used, which has been recently developed at GRS as an extension of the SUSA package for the use with nuclear covariance data.
The XSUSA Method
Within the sampling based GRS method implemented in the code package SUSA ("Software for Uncertainty and Sensitivity Analysis") [10] , many calculations for the problem under consideration are performed with varied input data. The variations of the input data are generated randomly from the given probability distributions of the parameters including possible correlations between them. After performing all the calculations (typically 100 or more), the output quantities of interest are statistically analyzed, and their uncertainty ranges and sensitivities to the input parameters are determined. So far, the GRS method has been mainly applied to problems with a limited number of parameters and only few correlations between them. However, in the case of its application to the nuclear data uncertainties, various reactions of various nuclides have to be considered. Using the nuclear covariance data from the SCALE-6 code package [11] , 44 uncertain parameters for each nuclide and reaction corresponding to the 44 energy group structure are analyzed, resulting in a huge overall number of uncertain parameters. Moreover, a large amount of correlations between the energy group data of each nuclide/reaction combination have to be taken into account, and also cross correlations between data of different reactions and nuclides. Therefore, so far only the uncertain data of a limited number of nuclides and reactions are considered, based on an a priori judgement of their respective importances. The nuclear data covariance matrices only contain the relative variances and covariances of the nuclear data, i.e. the second moments of the distributions; the types of the distributions are not known and for the moment assumed to be Gaussian. To use the GRS method with nuclear covariance data, the ENDF/B-VII based 238-group library of SCALE-6 is collapsed to the 44-group structure of the covariance data using a flux spectrum typical for the system under consideration. With this collapsed master library, all necessary spectral calculations are performed, using the Bondarenko method implemented in the BONAMI module for the unresolved resonance regions, and performing 1-D transport calculations by the CENTRM module with continuous energy data in the resolved resonance region. The resulting data libraries are modified according to the uncertainty information in the covariance matrices for each nuclide/reaction combination considered, taking into account, if present, the covariances between different energy groups, different reactions, and different nuclides. After doing so, it has to be assured that the cross section set is entirely consistent, i.e. that sum rules are fulfilled and that 2-d cross sections (e.g. scattering matrices) are compatible with their 1-d counterparts. With the modified cross sections created in this way, the core calculations are performed and the results are statistically evaluated.
Pin Cell Calculations
To make sure that the XSUSA method is correctly implemented, criticality calculations are performed with the 1-D S N code XSDRN from the SCALE-6 package as transport solver, for two of the fuel pin cells underlying the PWR MOX/UO 2 Core Transient Benchmark, a fresh UO 2 pin with a U-235 enrichment of 4.2 %, and a fresh MOX pin with a Pu-fiss content of 5.0 %. The results of these calculations, regarding the average multiplication factors and their uncertainties originating from nuclear data uncertainties, are compared with corresponding TSUNAMI-1D results. To do so, in a first step, the important contributions to the uncertainties are determined from TSUNAMI-1D calculations. Based on these results, and also with the intention to take into account reactions of different kinds (fission, capture, elastic and inelastic scattering, neutrons per fission, fission spectrum), the following nuclide/reaction combinations are considered in the XSUSA calculations: the fission and capture cross sections, neutrons per fission, and fission spectra of U-235 and Pu-239, the fission, capture, and inelastic scattering cross sections and neutrons per fission of U-238, the capture cross section Pu-240, and the capture and elastic scattering cross sections of H-1. Series of XSUSA/XSDRN calculations are performed with all of the above listed nuclide/reaction combinations varied, and separately with variations affecting only the main contributors while using the unvaried data for all other nuclides/reactions ("one-at-a-time variation"). Each of these series consists of a hundred calculations. In Table 1 , the multiplication factors resulting from the TSUNAMI-1D calculations and the XSUSA/XSDRN series with different variations are compared. All these values agree very well among each other for both the UO 2 and the MOX fuel pin cells. As a more stringent check, the uncertainties of the multiplication factors due to nuclear data uncertainties are compared in Tables 2 and 3 . In these tables, the overall uncertainties determined with TSUNAMI are given, along with the ten main contributions from single nuclide/reaction combinations. The overall uncertainty is obtained by adding the squares of the values with positive signs, and subtracting the squares of the values with negative signs, then taking the square root. For the overall uncertainties and the nuclide/reaction combinations with the four highest contributions, these values are compared to the corresponding XSUSA/XSDRN results from the overall and one-at-a-time variations. Again, very satisfactory agreement is obtained; the relative deviations between the XSUSA/XSDRN and the TSUNAMI values are 5 % or below, with the exception of the contribution of the Pu-239 fission cross section. 
Core Calculations
The XSUSA method is finally applied to full scale 2-D calculations for the hot zero power state of the core displayed in Fig. 1 . For these, the Monte Carlo code KENOVa in multi-group mode is used with 44-group data collapsed from the ENDF/B-VII master library. Nuclide densities are taken in accordance with the benchmark specification. For the number of neutron histories, a large value of 10 9 is chosen to assure that differences in the fission rate distributions obtained with varied data do not originate from insufficiently converged solutions. Thus due to the extended CPU times (approx. 15 hrs on a 2.5 GHz Pentium processor), the number of runs has to be restricted. In total, 28 KENO calculations are performed. The calculated multiplication factors turn out to lie in a reasonable band with a relative standard deviation of 0.5 %, while their average is in very good agreement with the MCNP/JEFF-3.1 result. Looking at the radial fission rate distribution, however, one observes a much larger influence of the nuclear data variations on the result. This is shown in Fig. 2 , where the resulting fission rate distributions for a row of fuel assemblies from ten of these calculations are displayed together with the results from a reference calculation with nominal nuclear data and the +/-2 band. The resulting relative standard deviation of more than 4 % in the core centre is unexpectedly high, and the maximum and minimum values of the fission rates obtained for the central fuel assemblies deviate by +9/-8 % from the reference values. Investigations on a simplified core model [12] have shown that the differences in the fission rate distributions are mainly due to the uncertainties in the nuclear data of Pu-239 and, to a less degree, U-235. 
Summary and Conclusions
Motivated by differences observed in the radial fission rate distributions obtained with different nuclear data evaluations in full core benchmarks, the sampling based XSUSA cross section uncertainty and sensitivity analysis sequence was applied to a UO 2 /MOX core using ENDF/B-VII based data and nuclear covariance data from the SCALE-6 system, taking into account important materials/reactions. The resulting uncertainties in the multiplication factors from a number of Monte Carlo transport calculations are as expected; for the underlying UO 2 and MOX pin cells, agreement with corresponding TSUNAMI-1D calculations is obtained in 1-D transport calculations. The resulting uncertainties in the calculated radial fission rate distributions are substantial, originating mainly from uncertainties in the nuclear data of Pu-239 and, to a less degree, U-235. Due to the main contribution from the uncertainty of the average number of neutrons per fission in Pu-239, the effect is particularly pronounced in a UO 2 /MOX core with a high amount of Pu-239 in the isotopic composition. Such reactor cores are not yet in operation; investigations on the uncertainties in the power distribution in standard UO 2 and reactor grade MOX cores will be performed.
In conclusion, it is desirable to routinely accompany reactor calculations by uncertainty and sensitivity analyses in the future, along with aiming for a continuous convergence of different nuclear data evaluations, and a reduction of their uncertainties.
